Abstract. Real-time changes in the microstructure of hardened cement paste subjected to a sustained load were followed through the coupling of an a.c. impedance frequency analyzer with a miniature loading system. A rationale for the time dependent effects of the sustained load on the characteristics of the impedance spectra is provided. The analysis suggests that the sustained load can influence the conductivity of the solid-liquid interface, the thickness of the Stern layer and pore structure parameters in a manner that would result in a time dependent increase in the diameter of the high frequency arc. This was demonstrated experimentally. The impedance analysis included an assessment of the relevance of the high frequency arc depression angle to creep behavior of cement paste. A possible explanation of the changes to the depression angle with time under load in terms of interfacial phenomena at the nanoscale is given.
Introduction
Despite the extensive number of publications on deformation and creep of cement paste, mortar and concrete no satisfactory theory for the time-dependent chemical and physical processes responsible for creep has been universally accepted [1, 2] . An excellent review of the mechanisms of creep and shrinkage is provided by Neville [3] . A detailed description of the mechanisms will not be provided here. Descriptions of creep mechanisms often correspond to conceptions or models of the calcium silicate hydrate microstructure [4] . Powers has suggested that creep of cement paste is caused by a diffusion of the load-bearing water as an external load changes the free energy of the adsorbed water [5] . Feldman has suggested that creep occurs through the gradual crystallization or aging of the layered C-S-H leading to an increased amount of layering [6] .
Recently, electrical methods e.g. a.c. impedance spectroscopy have shown promise as tools for characterizing microstructural development in cement-based materials [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Analysis of the impedance spectra provides pore structure information. The objective of this study was to obtain real-time descriptions of microstructural change during creep and shrinkage of cement paste through the coupling of time-dependent deformation and impedance measurements. A rationalization of the role of interfacial phenomena (C-S-H/pore solution) on the creep process was attempted. The experiments were designed to further understanding of creep mechanisms in cement-based materials.
Impedance Behavior of Cementitious Materials
Impedance spectra recorded over a wide range of frequencies (from 15 MHz to 1 Hz) have provided new information and insight on cement paste microstructure and hydration. An idealized impedance spectrum for a cement system is plotted in the real versus imaginary plane ( Fig. 1(a) ). A single arc in the high-frequency range with a small part of a second arc in a relatively low-frequency region is shown. The high-frequency arc (HFA) is attributed to the bulk cement paste impedance behavior and the low-frequency arc to the cement pasteelectrode surface capacitance contribution [8] . The intercepts R 1 (at the high-frequency end, at c. 20 MHz-7 MHz) and R 1 + R 2 (at the minimum between the electrode arc and bulk arc, at frequency c. 100 MHz) are important parameters providing information related to cement paste microstructure. Interpretation of an impedance spectrum (IS) usually involves modeling with an equivalent circuit ( Fig. 1(b) ) until the electrical response of the elemental microstructure of the cement paste is well simulated.
Cement based materials generally contain a broad size distribution of conducting pores [7] . Christensen et al. [14] found the cement paste to be a complicated composite conductor because its microstructure and the conductivity of its pore fluid are interrelated and time-dependent. Previous investigations [16, 19] have indicated that impedance behavior of the hydrating Portland cement system depends upon the ionic concentration of the pore solution and porosity. The high frequency arc diameter (or chord), R 2 , has been shown to be an inverse function of porosity, mean pore size and ionic concentration of the pore solution. In practice, an ideal semi-circle is generally not observed in most materials. It is normally an inclined semi-circle with its center depressed below the real axis by a finite angle referred to as the depression angle, θ [8] . This behavior normally associated with a spread of relaxation time [17] cannot be described by the classical Debye equation employing a single relaxation time [18] . A dispersive, frequency-dependent element or so-called constant phase element (CPE) [20, 21] can be introduced to account for the shape of the depressed complex plot. The impedance contribution of this element can be expressed as follows:
where n = 1 − 2/π (θ ) is the depression angle parameter. Therefore, n can be used to represent the degree of perfection of the capacitor and represents a measure of how far the arc is depressed below the real impedance axis.
Influencing factors on the depression angle such as a spread of relaxation times and non-Debye behavior have been suggested [9, 17] . A wider spread of pore diameters can also be associated with a larger depression angle [18] . The magnitude of the depression angle reported for normal cement paste, silica fume-Portland cement paste and porous glass is 28.5, 17 and 9
• respectively. The time for the reorientation of ions or relaxation time appears to be affected by the geometry of the pores and the surface chemistry of the solid. Pore size and pore surface chemistry could limit the oscillation frequencies of the hydrated ions and water molecules, which respond to the applied a.c. signal. It follows that a stronger ion-ion interaction would be expected in small pores than in larger ones. Therefore a broader pore size distribution would result in a wide spread of relaxation times corresponding to a larger depression angle.
Disturbed circuit elements are associated with two types of physical interpretation. The first association is directly with a non-local process, for example, diffusion. The other arises because microscopic characteristics such as interface properties and grain boundary effects are themselves often distributed throughout the material. Pores at grain boundaries in ceramic materials are known to affect impedance spectra [9] .
Implications of an Applied Sustained Load on Impedance Spectra
It has been shown that the size of the high frequency arc (HFA) diameter, R 2 , is dependent on the microstructural characteristics of the cement paste including porosity, P, and mean pore size, r 0 . The following
